Electrical properties of chemical vapour deposited p-type epitaxial diamond layers are studied in high electric field conditions. Quasi-static current-voltage characteristics have been measured using Transmission-Line Pulse method with 100 ns pulses. Reproducible impurity impact ionization avalanche breakdown occurs at critical electrical field in the range of 100-200 kV.cm -1 depending on acceptor concentration and temperature, leading to complete ionisation of neutral impurities. Current-voltage characteristics exhibit an S-shape with bi-stable conduction characteristic of impurity impact ionisation.
Due to their high ionisation energy, dopants in diamond are only partially ionised at room temperature, e.g. less than 0.1% of boron impurities are ionised in low-doped p-type diamond. As matter of fact, the temperature range of incomplete ionisation of boron acceptor, i.e. the freeze out region, extends up to about 1000 K. The consequent high resistivity severely limits potential applications of diamond as semiconductor 1, 2 . In the freeze out regime, the conductivity can be increased by excitation of free carriers bounded to neutral impurity centres to conduction/valence band by 1-thermal ionisation rising the temperature, 2-optical ionisation with light irradiation of suitable wavelength and finally 3-impact ionization of neutral centres by the free carriers under sufficiently high electric field. Under high electric field, free carriers can gain enough energy to be able to ionised neutral impurities by inelastic collisions leading to free carrier multiplication. This process results in nonlinear current voltage characteristics 3 . Impact ionization of impurities has been already studied in narrow band gap semiconductor like germanium 3 and silicon 4 at cryogenic temperature, and it has been very recently reported in wide band gap semiconductor like silicon carbide polytypes 5 and diamond 6 at room temperature.
In this paper, we present further experimental data on reversible non-destructive avalanche breakdown effect in diamond. This effect has been studied as function of the concentration of impurities and temperature.
Epitaxial boron doped diamond layers were grown on (100) oriented diamond substrates by microwave plasma enhanced chemical vapour deposition (MW PECVD) in an AX5010 reactor from Seki Diamond Systems with a base pressure below 2 × 10 −6 mbar.
Diamond substrates are synthetic high pressure high temperature Ib Sumicrystal UP crystals from Sumitomo Electrics Hartmetall GmbH that have been re-polished using scaife's technique to remove subsurface damages caused by the previous polishing process. Polishing were carried out on the soft polishing direction to minimise any sub surface damages and to produce a smooth surface with a root mean square roughness R RMS <1 nm. Substrates were cleaned in oxidizing mixture of hot sulphuric acid and potassium nitrate for 10 min, rinsed in hot deionized water, and further cleaned in acetone and isopropyl alcohol in ultrasonic bath for 10 min each and finally air dried before loading in the CVD reactor.
Prior to the epitaxial growth, the substrates were etched in hydrogen/oxygen mixture plasma for 10 min. Doped diamond layers (2 µm thick) were grown in a mixture of 1% of methane diluted in hydrogen at a total pressure of 100 mbar, a microwave power of 550 W and a substrate temperature of 1000 -1100 °C using trimethylboron precursor. Epitaxial layers are smooth (R RMS ∼ 1 nm) and free of surface defects. Electrical properties of layers studied in this work were determined by Hall effect method at room temperature using a commercial Accent HL 5500PC measurement setup. Resistivity, mobility and carrier concentration are reported in 4 and He mixture (10:40:1:1 in volume) at a total pressure of 0.26 mbar with a 400 W RF power and resulting in a maximum auto polarisation bias voltage of 400 -430 V. The etching rate of the doped diamond and aluminium mask are about 50 nm/min and less than 3 nm/min, respectively. Ohmic contacts consist of evaporated Ti/Au layers, deposited using an Edwards Auto 500 Vacuum System, annealed at 450 °C for 30 min in vacuum. They were also patterned by photolithography and wet chemical etching methods. The Transmission-Line Pulse generator used in this work is an Oryx Celestron 1 system that is set to deliver pulses of 100 ns width with 1 ns rise and fall time and a maximum repetition rate of 20 Hz. As the pulse generator's internal resistance (50 Ω) is too low to limit and to measure the current after threshold voltage a 510 Ω surface mount resistance was placed in series with tested samples. High-bandwidth current and voltage probes are used for the measurement of each pulse in the time domain with the help of a 6 GHz bandwidth oscilloscope. The short duration of the pulses and the added serial resistance is intended to drastically reduce the self-heating and to achieve accurate current/voltage electrical characterisation of the samples at extremely high current density. Fig. 1 shows the measured voltage and current pulses across the test device in series with the 510 Ω resistor together with the calculated voltage pulse across the diamond device measured at room temperature. The first and last parts of the current and voltage waveforms are not to be considered. Indeed they result of the non-overlapping of the incident and reflected pulses (propagation effects). However, due to the flatness of the incident pulse, the waveforms after 20 ns and before 100 ns are effective images of voltage and current at the device despite two parasitic reflexions occurring at about 30 ns and 40 ns and that add up to the real device signal. Due to its high resistance (R = 36.8 kΩ) compared the setup serial resistor, the voltage drop across the diamond device nearly equals the applied voltages below 250 V. At higher applied voltage, the current increases superlinearly (see Fig. 2a ) and a relative portion of voltage across the device diminishes. At critical voltage, i.e. for an applied voltage higher that 300 V, the current suddenly surges at a rate of about 16 MA.s -1 and the voltage across the device decreases in comparison with the prebreakdown values. Fig. 2a shows the typical quasi-static characteristic current-voltage characteristic of fabricated device extracted by averaging the voltage and current waveform at the end of each TLP pulses (hashed area in Fig. 1a and Fig. 1b ). This quasi-static current -voltage (I-V) characteristic exhibits five different conduction regions: 1-highly resistive ohmic region at low electric field, 2-non ohmic superlinear region at intermediate field, 3-critical voltage at impurity impact ionisation avalanche, 4-transient region with negative resistance and 5-highly conductive region. Discrepancy between experimental points and theoretical ohmic I-V curve in low field is due to the insufficient measurement accuracy of the experimental setup at low currents (below 10 mA). In the region (2) the (I-V) characteristic deviates from ohm's law until the breakdown.
The increase in conductivity set in first as carriers become hot and consequently carrier's thermal recombination rate is decreased until a sufficient number of carriers acquire enough energy to ionise neutral acceptors by impurity impact ionization 6 . The complete ionisation of dopant by avalanche effect is indicated by the current surge together with a voltage drop that results in an S-shape I-V characteristic typical of current controlled differential negative resistance 9 . This effect could not be observed in our previous study 6 due to current limitation of the experimental setup. Differential negative resistances are associated to either contact/junction phenomena (e.g. tunnel diodes) or semiconductor bulk properties (e.g. Gunn diodes or cryosar 10 ). Similar I-V characteristic of synthetic high pressure high temperature boron doped single crystal diamond was reported by Rotner et al. 11 with a breakdown field of 500 V.cm -1 . In their work, it was suggested that the S-shape I-V characteristic may be caused by impurity impact ionisation avalanche despite inconsistency with the expected field. We attribute this discrepancy to thermal self-heating effect. As our observed I-V characteristic cannot be due to contact phenomena (with Nshape I-V characteristic), we ascribe its S shape to impact ionization avalanche. avalanche is maintained at a lower sustaining field compared to critical field. The increase by two decades of current appears consistent with full ionization of dopants considering the acceptor and carrier concentrations at room temperature. These measurements are repeatable until the filamentation of the current at highest voltages that permanently damage diamond device. The current density is extremely high (about 2 MA.cm -2 ) after the avalanche threshold voltage. The average power (P = V.I) dissipated in the device prior to the breakdown (region 3) is below 3 W whereas it reaches about 100 W in region 5, i.e. the region of complete impurity ionization. Consequently, thermal effects must be considered, especially on activation of dopants. The energy released within nanoseconds increases significantly the device's temperature as simulated using a simplified model in COMSOL multiphysics simulation software. The model is based on the devices' geometry and heat transfer equation including an electric current heat source. The electrical conductivity of diamond layer was modelled as a smoothened stepwise function of voltage to account for the sharp increase in conductivity after breakdown voltage. The simulation shows that the heat can neither be effectively dissipated through conduction into substrate, nor convection into air, nor radiation. Consequently, temperatures beyond 1000 °C in the centre of the test sample after breakdown have been computed. Note that the simulation does not account for the possible local conductivity of the surrounding substrate that might be induced by carriers' injection from the bar. This would presumably delocalise the thermal effects and, hence, lower the temperature. This temperature is enough to ionize all boron acceptors; however, as shown in our previous study 6 , measured I-V characteristics clearly show that the super linear increase of the current, due to carriers multiplication, occurs at same power dissipation level for which no current multiplication is observed at higher temperature. This result demonstrates that the observed initial carriers' multiplication is due to electric effect and cannot be due to thermal effect.
The critical avalanche voltage has been determined as the highest voltage prior to the I-V characteristic discontinuity. Determined critical voltages are reported in Fig. 2b as function of inter-electrode gap and carrier concentration. All measured values are below Paschens' laws in air in standard temperature and pressure conditions as well as measured air breakdown on un-doped diamond layers (not shown). These results demonstrate that the observed breakdown is a diamond-bulk electrical phenomenon and not an inter-electrode arcing in air. This is further confirmed by the linearity of breakdown voltage with the inter electrode gap which clearly indicates an electric field dependent phenomenon. The breakdown voltage increases as acceptor concentration decreases (see Table I ) which is opposite to classic work 15 . Indeed concentration of majority and minority impurities, i.e. compensation, are the main parameters that determine the breakdown field. In germanium, breakdown field is known to increase with dopant concentration and compensation as for dopant concentration between 6.1 × 10 13 and 3. Quasi-static current-voltage characteristics of sample 1 (see Table I ), with interelectrodes gap of 22.4 µm and bare width of 12.1 µm, measured at substrate's temperature between 15 and 100 °C are shown on Fig. 3a . Temperature rise reduces devices resistance, resistivity and most significantly the critical voltage and field. Noticeably, all current-voltage characteristics in the high conduction region converge to the same I-V characteristics with a characteristic slope of 4.5 mA/V, i.e. an equivalent resistivity of 24 mΩ.cm that is in agreement with full ionisation of neutral impurities. The variation of critical field with temperature is consistent with impurity impact ionisation avalanche 18 . We experimentally observe a T -α temperature dependence of the critical field with α = 1.3 (see Fig. 3b ). Amazingly, this result is similar to the temperature dependence of critical field results reported by Koenig et al. 18 in doped germanium at low temperature.
In summary, we have investigated electrical properties of p type semiconducting diamond in high electric field. Quasi static current-voltage characteristic of CVD doped (100) diamond epitaxial layers with variable boron concentration have been measured by Transmission-Line Pulse method between 15 and 100 °C. All studied samples exhibit an Sshape current-voltage with a highly resistive ohmic region at low electrical fields and a highly conductive region at high electric fields that are separated by a transient negative resistance region. This behaviour is attributed to impurity impact ionisation avalanche and consequent full ionization of neutral boron impurity. Determined values of avalanche critical fields are consistent with those expected from theoretical estimations and with our previous report 6 .
Like for silicon carbide 5 , their increase with decreasing acceptor concentration is attributed to the reduction of ionisation energy of dopant in the range of studied boron concentration while its temperature dependence is consistent with classic impurity impact ionisation. Still more detailed studies must be carried out to completely describe electrical conduction mechanisms in doped diamond in high electrical fields. 
